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Abstract 
Windmill-like structures in as-grown Cz-Si wafers were characterised by several electrical and optical methods, such 
as 4PP resistivity, FTIR, SIRD and microwave PCD techniques. All these methods revealed the similar shape and 
size of the observed structure. Additionally, those windmill-like structures could be reproduced in the temperature 
distribution at the solidification interface numerically simulated in a certain time window using parameters being 
typical for the Czochralski process. The dependence of the minority carrier lifetime on resistivity in the investigated 
slices can be well fitted in the frame of the extended SHR theory using trap energies of EV,C ± (200-300) meV and a 
large asymmetry in the capture cross sections. Such defects may be oxygen-related double thermal donors with trap 
energies higher than EC  200 meV. The FTIR map approves an enhanced concentration of Oi needed for an 
enhanced thermal donor formation in the windmill cogs and is well-correlated to the shear stress distribution obtained 
by SIRD Thus, we conclude that a windmill-like structure is formed mainly due to a non-ring-like distribution of 
oxygen at the solid-liquid interface. 
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1. Introduction 
The fabrication of high efficiency Si-based solar cells requires controlling the electrical and mechanical 
crystal properties. One of the important parameter determining these properties is the planar distribution 
of impurities. It is well known that during the Czochralski process ring-like structures of defect 
distribution are formed in the crystal due to rotations of the crucible and crystal [1]. However, it can be 
demonstrated that under special growth conditions the expected ring-like structure is disturbed and may 
transform in a windmill-like structure [2]. Such irregular structures are very helpful to trace back the 
growth process and to understand better the local segregation behaviour of impurities and dopants as well 
as the related defect formation.  
There are several experimental methods that have established for the two-dimensional mapping of 
electrical and optical properties of Si wafers or slices, respectively. A comprehensive evaluation does 
need not only for a general quantitative comparison but a point-to-point correlation. For instance, such a 
correlation of minority carrier lifetime and the electrical resistivity maps in combination with images 
obtained by others techniques, such as FTIR, may help to reveal the nature of the dominant recombination 
centers limiting the efficiency of cells subsequently fabricated.  
Oxygen being the main impurity in Cz-Si crystals mainly occupies the interstitial position (Oi) in the Si 
lattice. Interstitial oxygen atoms sit very close to the centre of a Si-Si bond stretching the bond on roughly 
30 % in comparison to an ideal Si-Si bond and, as a result, leading to strain in the Si lattice. Oxygen forms 
different point-like defects, such as thermal donors and complexes with self-interstitials, vacancies and 
carbon, as well, agglomerates in clusters and precipitates especially after long high temperature treatments 
[3, 4]. For instance, thermal donors being typical defects in as-grown Cz-Si crystals are positively charged 
and introduce several levels in the Si band gap. On the one hand they influence the electrical resistivity 
due to the change of the total majority carrier concentration and to a decrease of the free carrier mobility 
[5]. On the other hand, according the SHR theory thermal donors with deep levels of 200 meV and deeper 
[6-9] may be the factors reducing the minority carrier lifetime in Si [10]. Therefore, for the presented 
work the electrical and optical properties of windmill-like structures were investigated using the several 
mapping techniques and discussed with special emphasis on the role of oxygen related defects based on 
the lateral distribution of Oi concentration. The determination of Oi by FTIR at room temperature is a 
standard procedure (see e. g. [3, 11, 12]) usually only carried out at selected points or as line scan but not 
as map. To the best of our knowledge maps of Oi in Si single crystals in correlation to those of residual 
strain using birefringence have not been published yet. 
2. Experiments 
Silicon single crystals differently doped and grown by the Czochralski technology from solar-grade 
(SoG) feedstock were characterized by several electrical and optical methods, such as 4PP- (four point 
probe) resistivity, FTIR (Fourier transform infrared), SIRD (scanning infrared depolarization) and -PCD 
(microwave photoconductivity decay) techniques. The slices were cut as-grown from same crystal 
positions in order to ensure an equivalent phosphorus or boron doping, respectively.  
Room temperature 4PP mapping of resistivity with a spatial resolution of 2 mm was carried out on 2 
mm thick slices as-cut using a CMT SR-2000PV instrument. Minority carrier lifetime was measured by 
the -PCD method using a SemilabWT-2000 instrument. Before the measurements the saw damage was 
etched off using a HF/HNO3 shiny etch solution. After removal of the native oxide layer from the surface 
by HF etching, the surface was passivated by an iodine-methanol solution during the lifetime 
investigation. 
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For FTIR and SIRD investigation, 2 mm thick samples were mechanically and chemically polished. 
Room temperature FTIR mapping with a spatial resolution of about 6 mm was carried out using a set-up 
of Bruker Tensor 27 in combination with a Pike Map300 stage. Shear stress mapping with the spatial 
resolution of 1 mm were made using a SIRD-A instrument (PVA Tepla Jena) [13]. 
3. Experimental results and numerical simulation 
A representative resistivity map of a Si:P sample is demonstrated in Fig. 1.a. The central part has a 
standard ring-like structure which is broken with approaching to the sample periphery. In the peripherical 
part of sample four large windmill cogs have been observed. The maximum of resistivity is located at the 
border of the Si:P samples but at the centre of the Si:B ones (here not shown). Moreover, the central part 
of several Si samples doped with boron has the n-type instead of the expected p-type. The observed effect 
can be explained by the compensation of free holes from acceptors by free electrons from donors [6]. 
Fig. 1. Maps of the lifetime (a) and resistivity (b) in the sample with a windmill-like structure.  
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Fig. 2. A point-to-point correlation between the lifetime and resistivity has been made from data shown in Fig. 1 (a) and (b).  
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The results of lifetime mapping well resemble those of resistivity mapping (compare Fig. 1.a and b). 
A point-to-point correlation has been made, in order to analyse the lifetime dependence on the resistivity. 
The lifetime in the windmill cogs decreases with the decreasing resistivity in Si:P samples, while in Si:B 
samples it has been observed a simultaneous increase of both lifetime and resistivity in these regions. This 
indicates the resistivity dependence of minority carrier lifetime in the investigated samples. According to 
the extended SHR theory, such a dependence is characteristic for defects with a trap energy, Et, of EV,C ± 
(200-300) meV and having a large asymmetry in the capture cross section for electrons and holes, e/ h 
[10]. It is well known that during the Czochralski process different types of oxygen-related thermal 
donors are formed in Si crystals. One of them has trap energies of Et = EC  (200  300) meV [7, 8]. Since 
a double thermal donor is positively charged at room temperature, the capture cross section for electrons 
has to be significantly higher than that for holes. Thus, we suppose that the dominant defects limiting the 
lifetime in the investigated samples are double thermal donors. Based on the extended SHR theory the 
dependence of lifetime on resistivity was calculated for a defect with Et = EC  230 meV and e/ h = 
5000. The calculated data well agree with the experimental data (Fig. 2), what indirectly approves our 
supposition.  
In order to prove additionally our hypothesis SIRD and FTIR spectroscopy investigation were 
performed. The FTIR method maps the Oi concentration, whereas the SIRD technique shows the shear 
strain variation that can be caused by an inhomogeneous distribution of defects and impurities. The 
standard distribution of Oi concentration is rather inconspicuous, i.e. only marked by a significant 
decrease directly on the border. In contrast, fig. 3 demonstrates a non-ring-like structure, a so-called 
windmill. The shape and size of this distribution is very similar to the structures observed in the lifetime 
and resistivity maps. Since the concentration of thermal donors increases with increasing Oi 
concentration, it is reasonable to conclude that the windmill cogs may have enhanced concentration of 
thermal donors. Finally, the SIRD map (see Fig. 4) shows a shear strain pattern resembling a windmill but 
being clearly different from the simple fourfold symmetry shown on standard maps. The pronounced 
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Fig. 3. Typical Oi distribution in a sample with a windmill-like structure determined by FTIR mapping in arbitrary units  
84   Martin Herms et al. /  Energy Procedia  38 ( 2013 )  80 – 85 
appearance of the cogs allows the conclusion that the strain map can be interpreted as concentration 
gradient of Oi. 
Completing the talk, we have to discuss the origin of the windmill-like structures. Those structures 
could be reproduced as instantaneous temperature contours in the melt numerically simulated using 
transient Large Eddy Simulation (see Fig. 5) [14]. This method computes the motion of the large flow 
structures directly solving heat and Navier-Stokes equations while the contribution of the smaller vortices 
which size is comparable to the size of the grid element is modeled through the subgrid eddy viscosity 
[14]. Such a numerical procedure allows to resolve the turbulence with sufficient precision using a 
reasonable amount of computer resources. The resulting instantaneous temperature distribution is caused 
by interaction between buoyant thermal and forced convections in the rotating crucible under the 
specified growth conditions. The rotation of the crucible creates the primary rather stable flow structure 
which rotates with the crucible as a solid body. However, the instantaneous flow is also affected by the 
rotation of the crystal and buoyancy which destabilize the primary flow creating velocity and temperature 
oscillations especially in the vicinity of the crystal. The periodically oscillating temperature changes the 
Fig. 4. In-plane shear strain distribution of a windmill-like structure determined by SIRD mapping in arbitrary units.  
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Fig. 5. The instantaneous distribution of temperature in the melt on the 1 cm depth from its free surface computed with the LES 
turbulence model. The dotted contour marks a crystal diameter. 
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local temperature gradients in the melt under the solidification interface, as well as, leads to variations in 
the local crystallization rate. The similar distribution of foreign atoms, such as P, B, O and C, in the melt 
is also expected, since the mass transport of species is governed by the similar diffusion equations as for 
the heat transport. Therefore, a local variation of the temperature or concentration of impurities in the 
melt might lead to the appearance of a windmill-like structure in the grown crystal. 
4. Conclusions 
The origin of windmill-like structures in as-grown Cz-Si crystals was analysed based on the results of 
the different electrical and optical mapping techniques. FTIR mapping approve an increased 
concentration of Oi in the windmill cogs what is well-correlated to an enhanced shear stress contrast in 
the SIRD images. Those windmill-like structures are well reproduced in the temperature distribution at 
the solidification interface numerically simulated in a certain time windows using parameters being 
typical for Czochralski process. The dependence of the minority carrier lifetime on resistivity can be well 
fitted in the frame of the extended SHR theory assumed that the dominant defects within windmill 
structures are oxygen-related double thermal donors with the trap energy of EC  230 meV and a capture 
asymmetry of 5000.  
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